Abstract: In short period pseudodirect GaAsJAlAs superlattices, the two radiative heavy exciton states exhibit a very small anisotropic splitting due to their coupling with light exciton states. They are dipole-active along the [I 101 and [110] directions in the layer plane. The splitting energy (a few peV) is obtained from the period of the quantum beats between the two sublevels observed during the time decay of photoluminescence under excitation with light linearly polarized along [loo] or circularly polarized. We report here on the variation of the quantum beats in a magnetic field. In a longitudinal field (parallel to the wave vector of light), we measure the splitting between the radiative states and obtain the hole longitudinal g-factor. In a transverse field, we observe two periods for the quantum beats. One corresponds to the splitting between the radiative states and the other to the splitting between the radiative states and the non-radiative ones which become optically allowed in a transverse field. We also discuss the influence of the coupling to light excitons in a transverse field on the hole transverse g-factor .
INTRODUCTION
In the recent years, the fine structure of the heavy exciton (HE) state in pseudodirect type I1 GaAs/AlAs superlattices (SL) has been investigated by several method~(l.~?~). In an ideal SL, the KE state consists of four levels built from the heavy hole states with projection of the total angular momentum along the [OOl] growth axis (z axis) JZ=+3/2 and the electron states with spin SZ=+1/2. Owing to the electron-hole exchange interaction, the exciton state is split into a radiative doublet and two non-radiative states. However, it was found experimentally that the degeneracy of the radiative doublet is lifted and that the two sublevels are dipole-active along the [I 101 and [1 iO] directions in the layer plane. As a matter of fact, the overlap of the envelope functions of the electron (mainly confined in AlAs layers) and of the hole (mainly confined in GaAs layers) is maximum at the interfaces. The lifting of the degeneracy of the radiative exciton states is explained by the lower symmetry of the interface and by the localization of the exciton wave function mainly on one interface owing to interface roughness. The splitting energy A, whose value is of the order of a few peV, was experimentally deduced from the period of the quantum beats observed during photoluminescence (PL) time decay when the [I101 and[liO] sublevels are coherently excited by a laser pulse linearly polarized along [I001 or [OlO] , or circularly polari~ed(~.~). A was calculated by taking into account the coupling of heavy and light exciton (LE) states. Using a perturbation theory, we found that the combined effect of the electron-hole exchange interaction and a perturbation Z having the symmetry of an EXy strain leads to a splitting energy A equal to 4~~/ ( *~,~) w h e r e E is the electron-hole exchange energy and Alh the energy separation between heavy and light ex~itons(~). The eXy strain was assumed to exist only at the interfaces and was attributed to the fact that As-A1 and As-Ga bonds lie in the (110) and (110) planes on each side of the interfaces. The fit with experimental results for various SLs gave Z=14.5 meV. 
JOURNAL D E PHYSIQUE IV
Another explanation was proposed by Aleiner and Ivchenkos. The splitting arises from an intrinsic effect: the mixing of heavy and light hole states at the interface due to the lower symmetry. They use extended boundary conditions for the hole envelope functions with a mixing coefficient tlh which is found equal to 1.4 from a fit with experimental results. It was shown experimentally that, in some samples, there are two classes of excitons with opposite signs of the anisotropic exchange splitting A (134. In both models, these two classes are related to GaAsIAlAs and AIAslGaAs interfaces. We present here results on quantum beats between excitonic sublevels in a longitudinal or a transverse magnetic field. We show for the first time the appearance of two different periods for the quantum beats observed in a transverse field. The ex erimental results were obtained with two GaAs/AlAs SL samples of composition 18&12A and 22~111 . J i grown by molecular beam epitaxy. The samples were immersed in superfluid liquid helium. PL was quasi-resonantly excited, at nearly normal incidence, with circularly or linearly polazed laser pulses of about 10 ps from a tunable dye laser pumped by an A+-ion laser. In both configurations (longitudinal or transverse), the magnetic field was created by superconducting coils placed in the cryostat. The polarized PL was analysed by a Babinet-Soleil compensator followed by a polarizer and a monochromator and detected with either a photomultiplier or a synchroscan streak camera with a time resolution of about 30 ps.
EXPERIMENTAL RESULTS AND DISCUSSION
The exciton hamiltonian in a magnetic field is written as in ref$):
where p~ is the Bohr magneton and ge the electron g-factor. Neglecting the coupling with light excitons, this expression can be written in the form (I):
where Sh is an effective spin for the heavy hole (Jh,,=+3/2(-312) corresponding to Sh,,=+1/2(-1/2), respectively) and gh the g-factor of the hole.
Longitudinal magnetic field

TIME (ps)
Fi 1 Quantum beats in a longitudinal field for a l8.&12~ GaAslAlAs S I The zero line is shifted by 1 for each curve. A coherent superposition of these <110> dipole-active states is excited by a laser pulse polarized along a <loo> direction in the layer plane. The PL intensity I is detected for polarizations parallel (11) and perpendicular (I) to the excitation. Owing the energy difference AB between the two <110> states, 111 and 11 oscillate during their time decay with opposite phases and with a period T equal to 2 n w A~. The <loo> degree of linear polarization DLP<loo>, defined as (111-II)/(III+II) is shown as a function of the magnetic field in Fig.1 . One clearly observes the decrease of the period of the quantum beats, i.e. the increase of the splitting, with the increase of the field. The value of the electron g-factor being wellknown (gez=1.905 ( 6 ) ) , we determine the hole longitudinal g-factor gh,--2.21-2. and DLP<IIo, are calculated in the frame of the density-matrix formalism as described in ref. (4, 7) . We obtain a good fit with the experimental DCP and DLP<110> using the g b value determined above, a lifetime ~= 2 8 ns and a spin relaxation time .zs=43 ns obtained from the time-resolved DLP<110> as explained in ref. (4) .
Transverse magnetic field
The field is directed along one of the <110> directions, let us say along [110] for calculation. In the first approximation, the coupling of heavy and light excitons through the [I101 magnetic field is neglected, i.e. we use the Hamiltonian given in equation (2) . The exciton eigenstates at zero field are taken as 1 . Owing to the anisotropic exchange coupling between heavy and light excitons, the SL lowest excitonic eigenstates are in fact a superposition of HE eigenstates (as written above) and LE eigenstates with a coefficient of the order of Z/Alh (8). Since the value of Z was experimentally found to be 14.5 meV (4), it may be questionable to neglect the coupling of heavy and light excitons by the magnetic field when UAlh is not very small, as it is the case for our samples. Therefore we calculated the excitonic eigenenergies using the Hamiltonian (1) which couples the radiative HE states not only to the non-radiative HE states but also to the non-radiative LE states. Neglecting terms in (Z/Ah)2 and E/Alh and neglecting E with respect to Z in the calculation of the non-diagonal matrix elements, we calculate the HamiItonian on the basis of SL excitonic states Inr'l>,lr'l>,lnr'2>,lr'2> in which the LE character has been taken into account. We find that <nrt1 lr'l> f gel-3q +?(+c+?)\$(l+i) A and <nr'21r'2>=(geL+3q)B(1-i). This is equivalent to an anisotropic \hole transverse gfac&r whose value along the direction of the field depends on Z/Alh. The same calculation in the case of a longitudinal field results in changes of the matrix elements by terms in (Z/Afi)2 which are of the order of the experimental accuracy on the value of ghz. However, a numerical estimation of the effective transverse hole g-factor for the SLs studied in ref.
(l) gives values too large by a factor of 40. We also calculated the correction to the hole g-factor within the model of Aleiner and Ivchenko. Terms which are linear in the mixing coefficient tlh cancel out and only terms in tk remain. The effective hole g-factor, which is the same for both non-diagonal matrix elements, is equal to In transverse field, the variation of the stationary DCP or DLP with the field does not give much information about the parameters of the excitonic sublevels. The DLP,110, slightly decreases with the field. The DLP,100, and the DCP show a small increase. On the contrary, the time-resolved DCP or the DLP,100, give much insight into the behavior of the four sublevels. It is worth noting that the magnetic field couples the radiative states to the non-radiative ones but not to each other. Hence, as the field increases, the initially radiative states acquire a non-radiative part but the symmetry of their radiative part ((1 10, excitonic dipole) is not modified. A coherent superposition of these levels can be excited either with a [loo] polarized or with a of circularly polarized light pulse. The time-resolved difference of intensities (Io+-ID-) is shown in Fig.2 for different values of the magnetic field. One very clearly observes two periods for the quantum beats. The largest period corresponds to the first approximation to the small splitting energy AB between Irl> and lr2> (Fig.3) . Oscillations are also observed on the sum (IG++ Is-), corresponding to quantum beats between the coupled states Irl> and Inrl>, and lr2) and lnr2). It is worth noting that quantum beats can be observed between the radiative and non-radiative states because the latter ones acquire a radiative character as the field increases.
MAGNETIC FIELD (T)
O O0 Fig.3 The splitting energies deduced from the periods of the TIME (ps) quantum beats in a transverse field are plotted as a function of the Using an enlarged energy scale, one can see that the splitting energy AB varies non monotonously with the field in the range 0.3-0.8 T. This may be attributed to Inrl, and lnr2> states. Their splitting 6~ may become large enough to be observed. Moreover, in the case of the existence of two classes of excitons, the splittings AB and 6~ have different variations with the field for the two classes. Hence four splitting energies may become observable. Work is in progress to clarify this point. As a conclusion, the observation of quantum beats in a magnetic field finds itself as a very powerful method to obtain information about the fine structure of the excitonic states. We determine various parameters of the excitonic sublevels such as splitting energies in the range of a few peV, hole longitudinal g-factor, lifetime and spin relaxation times. In a transverse field, the non-radiative excitonic states become partly optically allowed. A detailed analysis of the large period of the quantum beats should give information about the splitting of these states at zero field. The splitting between these states and the (B=O) radiative ones gives rise to quantum beats of small period corresponding to a splitting equal to & l p~B .
